Abstract-Objective: This paper describes development of a novel 500-MHz scanning acoustic microscope (SAM) for assessing the mechanical properties of ocular tissues at fine resolution. The mechanical properties of some ocular tissues, such as lamina cribrosa (LC) in the optic nerve head, are believed to play a pivotal role in eye pathogenesis. Methods: A novel etching technology was used to fabricate silicon-based lens for a 500-MHz transducer. The transducer was tested in a custom-designed scanning system on human eyes. Two-dimensional (2-D) maps of bulk modulus (K) and mass density (ρ) were derived using improved versions of current state-of-the-art signal processing approaches. . Significance: This novel SAM was shown to be capable of measuring mechanical properties of soft biological tissues at microscopic resolution; it is currently the only system that allows simultaneous measurement of K, ρ, and attenuation in large lateral scales (field area >9 mm 2 ) and at fine resolutions.
I. INTRODUCTION
O VER the last four decades, scanning acoustic microscopy (SAM) has become an established imaging modality to characterize acoustical and mechanical properties of hard and soft biological tissues at microscopic resolutions [1] - [3] . SAM typically requires raster scanning tissue samples and uses highfrequency ultrasound (i.e., >50 MHz) to form two-dimensional (2-D) images. SAM is well established for nondestructive testing applications with studies developed in the 1970s [1] , and the first SAM studies of biological tissues were performed a few years later [4] , [5] . Although SAM now is a mature technology, estimating all possible material properties in a single measurement remains a challenging task, particularly at frequencies greater than 300 MHz. SAM studies of soft tissues are more challenging than those involving nonbiological materials because of technical and sample-preparation-related difficulties. Nevertheless, SAM has been applied successfully to characterize various soft tissues such as skin, coronary-artery, lymph-node, prostate, tendon, liver, and muscle tissue [3] , [6] - [13] .
Two primary methods are used to measure acoustical properties of tissues using SAM: surface reflection and through transmission [2] , [14] . In through transmission, echo signals are recorded after they pass through thin specimen sections [4] , [9] , [12] , [15] and are reflected from a planar substrate surface. Therefore, echo-signal data acquired in the through transmission approach can be exploited to estimate speed of sound c, acoustic impedance Z, and ultrasound attenuation α as well as bulk modulus K and mass density ρ, which are directly related to c and Z. [16] .
The ability of SAM to estimate acoustic and elastic properties (i.e., K and ρ) of tissues is of particular interest in ophthalmology because abnormal values of mechanical properties are believed to be implicated in several ophthalmic diseases. Therefore, measuring them with microscopic resolution can provide invaluable information regarding the pathogenesis of these diseases. However, very few studies have reported SAM measurements for ocular tissues [4] , [16] , [17] . Beshtawi et al. [17] found a 5% increase of speed of sound of cross-linked corneal tissue compared to cryo-sectioned corneas using SAM. Marmor et al. [4] found significant variations of acoustic properties of retinal layers. Finally, our group recently demonstrated that tissue mechanical properties at 7-μm resolution significantly differ among layers of murine retinas, indicating that structural changes are manifested in the mechanical properties of tissue at the micron level [16] . This paper focuses on our investigation of three specific regions of the eye to illustrate the value of the 500-MHz SAM system: the lamina cribrosa (LC), Bruch's membrane (BM), and Bowman's layer (BL). The LC is a mesh-like plate composed of fine collagen fibers within the optic nerve just below the optic-nerve head. In normal eyes, the LC is approximately 450 μm thick, but in glaucoma, it thins significantly to about 150 μm [18] . The beams of the LC forming the mesh-like structure are about 5-15 μm thick in the normal eye [19] . Changes in the elastic properties of the LC are believed to play a role in glaucoma [20] - [22] . BM is an acellular multilayered structure situated between the vascular choroid and the retinal pigment epithelium. It plays an important role in diffusion of oxygen from the choroid to the retina. BM is known to thicken and become less elastic with aging [23] - [25] . BL is an approximately 10-15-μm thick basement membrane sandwiched between the corneal epithelium and stroma. BL is composed of highly interwoven small diameter (24-27 nm) collagen fibrils. In keratoconus (a progressive corneal dystrophy), BL demonstrates irregular thinning, fragmentation, and breaks [26] , even early in the disease when the stroma is only minimally affected. This suggests that changes in BL may represent an early manifestation of the disease process. Early detection of keratoconus is imperative for clinical management.
Characterization of the biomechanical properties of the LC, BM, and BL has here-to-fore primarily been based on methods such as strip extensiometry [27] - [29] that assess the gross properties of these fine structures. The ability of SAM to assess such properties at a microscopic scale commensurate with the dimensions of the structures of interest, in this case <4 μm, allows us to obtain a greater understanding of the pathogenesis of diseases such as keratoconus, macular degeneration, and glaucoma.
To perform these investigations successfully, an important component of the SAM system is the acoustic lens, which is a key component of the focused ultrasound transducer. The properties and performance of the acoustic lens ultimately determine the quality of the images that the SAM system can produce. In most cases, the acoustic lens consists of a thin piezoelectric zinc oxide (ZnO) film deposited on a sapphire cylinder that has a spherically ground cavity on the opposite side of the ZnO layer [5] , [12] , [30] , [31] . The lens-grinding process is suboptimal in many aspects; it is a single-item production method with low reproducibility and high cost, and it permits only lenses with radii that can be produced using commercially available grinding tools. Another key challenge to overcome is the so-called rim echo because the rim around the lens cavity generates an intense unfocused signal, which is received shortly before the focused echo signal and interferes with the echo signals from the sample. To reduce this undesirable effect, lenses with long working distances are typically used; however, because of high attenuation in water at frequencies above 400 MHz, the signal-to-noise ratio (SNR) achieved with long working distance lenses is poor, which makes this approach impractical for very high-frequency SAM systems. Therefore, in this study, we investigated a novel transducer-design approach using an etching process to make a 500-MHz transducer with short working distance, no rim-echo issues, and satisfactory SNR.
II. MATERIAL AND METHODS

A. System Requirements
To image acoustical properties of LC, BM, and BL successfully, a SAM system must meet specific requirements that usually are not available on commercial instruments. These requirements can be separated in three main categories: scanning system requirements, transducer requirements, and ophthalmologic sample requirements. The requirements are summarized in Table I .
B. Transducer Design and Realization
Prior to manufacturing the transducer, theoretical calculations and simulations were performed. Specifically, analytical calculation of the lens geometry as described by Briggs [14] and simulation of the sound field were conducted to meet the transducer design requirements outlined in Table I . These simulations were performed with the simulation tool SCALP developed by Fraunhofer to calculate the transient propagation of acoustic waves [32] . Parameters for lens aperture angle and radius were successively varied to determine the optimal settings. The soft- ware takes into account the attenuation in water which is very significant at 500 MHz; the attenuation coefficient used in water was 0.23 dB/(μm·GHz 2 ) at 20°C [14] . The parameters that best fit the transducer requirements outlined above were found to be 125 μm ± 50 μm for the lens radius and 60°for the aperture angle. The corresponding sound field simulation showed a 6-dB depth of field (DOF) of 31 μm and a 6-dB focal diameter of 3.7 μm.
To produce the desired lens geometry, we opted to use an etching method instead of mechanical grinding. The method was adapted from our previous work [33] . The transducer was fabricated on silicon wafer using photolithography technology. A schematic process flow is shown in Fig. 1 and more details can be found in [33] . Steps (a)-(d) illustrate the isotropic etching of hemispheres inside the wafer by using a mixture of hydrofluoric and nitric acid (HNA). The aperture angle was reduced to values <90°by dry etching [steps (e)-(h)]. The lens was covered with a matching layer of silica [step (i)]. A piezo electric ZnO layer with electrodes was sputtered on the wafer back side [steps (j)-(l)]. The wafer was separated into single chips which were fixed on a printed circuit board with SMA connector and mounted on stainless steel housing.
The manufactured lens geometry was evaluated with a scanning electron microscope (EVO MA10, Carl Zeiss Microscopy, Germany). The lens radius and aperture angle were then quantified using a 3-D confocal profilometer (μscan, Nanofocus, Germany). Then, determination of the -6-dB DOF, the working distance, the SNR, the center frequency, and the -6-dB bandwidth of the transducer using the scanning system described in the next section was performed. To assess lateral resolution, the transducer was used to image an USAF test target (POG Präzisionsoptik, Gera, Germany).
C. Scanning System
The scanning system was entirely designed at Riverside Research and Fig. 2 (a) and (b) shows a photo of the system and its operating block diagram. The device uses a 500-MHz monocycle pulser (GEOZONDAS, Vilnius-09, Lithuania) to excite the ultrasound transducer and radio frequency (RF) signals were amplified using a 1-GHz bandwidth, 30-dB amplifier (MITEQ, Hauppauge, NY, USA) and digitized at 2.5 GHz using a 12-bit oscilloscope (Teledyne LeCroy, Chestnut Ridge, NY, USA). The specimens were scanned by mounting the microscope slide in an upside down configuration [see Fig. 2 (c)] on a three-axis high-precision scanning stage (Newport, Irvine, CA, USA). The upside down configuration is favorable because it prevents deposition of air bubbles or debris originating from the sample. Scan increment was set to 1 μm and a drop of filtered water was used as coupling medium. To guarantee that the sample glass slide was perpendicular to the incident beams, long single-line scans (i.e., 6 mm) were acquired along the x-axis and the y-axis. Then, the tilt of the slide was manually corrected and single-line scans repeated until the time of flight of all the signals emanating from the glass-only region were identical. To adjust the tilt, precise micrometers on the tilt stage connected to slide holder were used (see Fig. 2 ).
For comparison purposes, the samples were scanned using the 500-MHz transducer and system, then the same samples were scanned with our established 250-MHz SAM. The 250-MHz SAM was described previously [16] and consists of the same scanning stage and oscilloscope as the 500-MHz system. Transducer excitation was performed using a 300-MHz monocycle pulser (GEOZONDAS, Vilnius-09, Lithuania) and the scan increment was set to 2 μm.
D. Signal Processing and Image Formation
RF data were saved and processed offline using dedicated signal-processing methods. The implemented methods follow an approach similar to the one described by Hozumi et al. [9] . For measurements on thin sections of tissue attached to a sub-strate (i.e., microscopy glass plate), two reflected signals are expected in the recorded RF data. The first reflected signal emanates from the water sample interface (front reflection, s 1 ) and the second reflected signal emanates from the sample-substrate interface (back reflection, s 2 ). The recorded signal s can be described as a summation of the two signals where s 1 and s 2 can be modeled as a phase shifted and amplitude modified version of a reference signal s 0 with
where
The factors k and m define the amplitudes of the recorded signals. The symbols t 1 and t 2 give the shift in time of the two signals, and the symbolic convolution ( * ) by att symbolizes the attenuation effects due to the round-trip propagation inside the sample. The reference signal s 0 (t − t 0 ) was obtained by averaging signals at a location on the slide devoid of tissue. Mapping s into the Fourier domain, normalizing (i.e., dividing) by the Fourier transform of the reference signal, and taking the square of the magnitude yields (3)- (5) (is shown on at the bottom of the page), with t 0 equal the time of flight of the reference signal, f is frequency in MHz and, α gives the attenuation coefficient in Neper/MHz/cm. It follows thatŜ (5) is an oscillatory function which oscillates approximately between (k − me −2dαf ) 2 and (k + me −2dαf ) 2 . If the attenuation in the sample is neglected, the frequencies f min and f max at whichŜ reaches an extremum can be found by considering the extrema of the cos function, with
The phase ϕ ofṠ (Ŝ = |Ṡ| 2 ) at the maximum points f max can be written as
Because ϕ(Ṡ) is only defined between −2π and 2π the unwrapped phase ϕ u (Ṡ) = ϕ(Ṡ) − 2πn, n ∈ Z can be used which yields
If (11) is substituted into (8) , it can be found that
In (12) and (14), d corresponds to the sample thickness, c 0 to the speed of sound in the coupling medium, andĉ to the speed of sound in the specimen. For the minimum locations, it can be shown similarly that
The locations of f min and f max are detected using peak detection algorithms and the n's can be calculated from the estimated periodicity determined by f min and f max . An initial speed of sound (ĉ) value is then calculated from (14) as the average value over all d estimates for each f min and f max .
To derive estimates of the factors k, m and the attenuation coefficient, the forward model of (5) can be fitted to the normalized measured spectra, but the optimization can be cumbersome and the value of m is not used at the moment. Therefore, to estimate α directly from the normalized spectrum (5), we used a dichotomy method based on simple algebraic considerations. Specifically, at the extrema ofŜ i.e., S M 1 , S M 2 , and S m 1 , with
, and with Mi and mi indicating the ith maximum and minimum, respectively it can be found that
α was, therefore, estimated iteratively from (16) . Note that at least three extrema are required for (16) . A similar term can be found for the combination of two minima and one maximum. The values of k and m are then found from two maxima and the estimated α using (5).
In the above calculations, initial speed of soundĉ was estimated by neglecting the effect of the attenuation on the location of the extrema ofŜ. However, the attenuation will shift the locations of f min and f max . Therefore, the estimated α value found
using (16) was used to mitigate attenuation effects and permit the final estimation of c (and d).
Finally, the acoustic impedance Z s of the sample was estimated from the amplitude (k) of the first signal and the amplitude of the reference signal from first principles using (17) where r ref is the reflection coefficient of the reference signal yielding
In (17) and (18), Z w and Z ref are the known acoustic impedances of water and substrate, respectively.
Parameter Z, c, and α estimations were performed independently on each individual RF signal yielding 2-D maps of acoustic properties of tissues (speed of sound, acoustic impedance, acoustic attenuation) as well as derived mechanical properties such as mass density (ρ = Z/c, in g/cm 3 ) and bulk modulus (K = c · Z, in GPa) [14] . In a final step, the reconstructed parameter maps were denoised using a median filter of 3×3 μm 2 .
E. Ophthalmologic Samples
Whole human donor eyes (n = 3) with no history of ocular disease were obtained from the North Carolina Eye Bank (Winston-Salem, NC, USA and processed in accordance with the provisions of the Declaration of Helsinki for research involving human tissue. Eyes deemed unsuitable for tissue donation were immersed in Excalibur's Fixative solution (Excalibur Pathology, Inc., Norman, OK), paraffin embedded, and serially sectioned. 5-μm sections were cut in transverse planes incorporating the optic nerve head (ONH) for SAM, and then processed for subsequent staining with hematoxyloin and eosin (H&E) and imaging by light microscopy.
F. Imaging Protocol
The 5-μm sections used for SAM imaging were first deparaffinized and rehydrated in series of Histoclear ethanol (100%, 75%) and saline (each 2 × 5 min). Before scanning, samples were washed in deionized and degassed water. Then, the slides were mounted on the SAM system in the upside down configuration [see Fig. 2(c)] and raster scanned.
G. Statistical Analysis and Image Analysis
Regions of interests (ROIs) were specified manually based on coregistered histology images to derive means and standard derivations of the acoustic parameters of the different tissues. Coregistration between acoustic and light microscopy images was performed using the amplitude images. The amplitude images were generated from the maximum of the envelope signals (i.e., the Hilbert transform of s). For most soft-tissue applications, the maximum amplitude corresponds to the second reflection (i.e., s 2 ) and, therefore, contains mixed information about acoustic impedance and attenuation within the sample (as well as thickness). Nevertheless, the amplitude image can be obtained very rapidly, and while they cannot be used for quantitative analysis, they provide an easy means to localize interesting features in the SAM images for quantitative analysis using the parameter images. To separate the tissue region from the surrounding glass-plate-only region a threshold was manually selected based on the histogram of the amplitude images.
Differences between different tissue types were evaluated using one-way ANOVA and post hoc Tukey Kramer multiple comparison test. All statistical analysis, image and signal processing was implemented using MATLAB (The MathWorks, Inc., Natick, MA, USA).
III. RESULTS
A. Transducer Characterization
Photographs of the assembled transducer are shown in Fig. 3(a) and (b) . Fig. 3(c) shows a scanning electron image of the transducer lens. The surface inside the lens is smooth, whereas the lens rim has a rougher surface. The lens ground is situated above the circumjacent rim. The profilometer showed that the lens radius was 125 μm. Fig. 4 shows the pulse-echo response obtained at room temperature (i.e., 23°C) from a glass substrate placed at the focus using the SAM system at Riverside Research. The center frequency was found to be 479 MHz with a 6-dB bandwidth extending from 317 to 581 MHz (i.e., a fractional bandwidth of 55%). In addition, the SNR was found to be 35 dB.
This fabrication method also successfully moved the rim echo away from the focal echo. In fact, the rim echo signal (not shown in Fig. 4 ) arrives later in time than the focal echo and both signals were well separated. The working distance of the lens was found to be 90 μm. The 6-dB DOF was 30 μm [see Data presented in mean ± standard deviation.
4(c)]
. The transducer successfully imaged separate lines on an USAF test target, which were 3.9-μm thick with an interline space of 3.9 μm [see Fig. 3(d) ]. Thinner closer lines potentially could be resolved.
In conclusion, the results presented in this section clearly confirm that we have met all the transducer requirements shown in Table I .
B. Scanning System Characterization
The system allows measuring a total scanning area of 3 × 3 mm 2 in less than 40 min. For example, Fig. 5 which shows a SAM image of the optic nerve with a total area of about 1.9 mm 2 took approximately 13 min to acquire. The Newport motor stages easily permitted a scan increment of 1 μm. The bandwidth of 1 GHz, sampling frequency of 2.5 GHz, and a bit depth of 12 bits were provided by the Lecroy oscilloscope permitted to successfully digitize the signals with adequate SNR and without aliasing artifacts. In conclusion, all necessary design requirements outlined in Table I are met by the SAM device. Fig. 5 shows coregistered images from light microscopy after H&E staining [see Fig. 5(a) ], SAM amplitude images [see Fig. 5(b) ], speed of sound [see Fig. 5(c) ], and acoustic impedance [se Fig. 5(d) ]. The resolution of the system and tissue acoustic contrast are sufficient to visualize the optic nerve sheath, LC and nerve bundles in the optic nerve, the sclera, choroid, retinal nerve fiber layer, and retinal substructure, including the pigment epithelium and BM. Quantitative analyses yielded the material properties of BM and LC and are summarized in Table II. Figs. 6 and 7 show comparative images obtained using the 500-MHz and the 250-MHz SAM systems, respectively. Fig. 7 depicts the LC region of the optic nerve, where nerve fiber bundles pass between septa in a porous connective tissue mesh to reach the retina. While the LC is discernable at 250 MHz [arrows in Fig. 7(d) ], far greater detail in depiction of nerve bundles and connective tissue are seen at the higher frequency [arrows in Fig. 7(b) ]. Similarly, peripapillary retinal layers seen in Fig. 6(d) (arrows) obtained using the 250-MHz SAM more clearly depicted in Fig. 6(a) and (b) (arrows) obtained using the 500-MHz SAM.
C. Quantitative Images of Ocular Tissue Samples
SAM images of the cornea are shown in Fig. 8 . The resolution of the 500-MHz transducer is sufficient to resolve epithelium, stroma, and BL. Also, cellular structures are visible in the amplitude and acoustic impedance image. The epithelium shows three different layers with statistically (p < 0.05, ANOVA) different acoustic impedances. A thin layer (i.e., approximately 5 μm) with low acoustic impedance and speed of sound (Z = 1.6 ± 0.02 MRayl, c = 1636 ± 24 m/s) but high attenuation ( α = 7.6 ± 2.8 dB/MHz/cm) in the posterior region, followed by a thicker layer (i.e., approximately 30 μm) with high impedance and speed of sound (Z = 1.63 ± 0.04 MRayl, c = 1688 ± 0.27) and a last layer (i.e., approximately 18 μm) with low impedance and attenuation values (Z = 1.58 ± 0.03 MRayl, c = 1652 ± 0.31, α = 3.8 dB/MHz/cm). BL is clearly visible in the amplitude image and showed significantly (p<0.05, ANOVA) lower α (3.1±1.8 dB/MHz/cm), Z (1.61±0.05 MRayl), and c (1632±34 m/s) when compared to other layers. Descemet's membrane had significantly larger bulk modulus (i.e., K = 3 ± 0.26 GPa, p<0.05) than any other corneal tissue (not shown in Fig. 8 ).
Average acoustical properties of stroma were c = 1651 ± 37 m/s, Z = 1.63 ± 0.05 MRayl, and α= 3.9 ± 2.8 dB/MHz/cm.
IV. DISCUSSION
The results presented in this study demonstrate that the complete SAM system is working successfully. The transducer met design requirements and quantitative images of acoustic properties of human ophthalmologic tissues were obtained with a resolution better than 4 μm.
The parameter estimation methods presented in Section III-D were successful in providing reliable estimates of the acoustic properties of ophthalmologic tissues. Improvements in current estimation methods were also outlined to provide all acoustic parameters to be estimated simultaneously and to better handle high attenuation occurring at 500 MHz. Nevertheless, several studies are currently ongoing to improve robustness and properly quantify bias and variances of the estimators. The approach presented in Section III-D assumes the existence of only two echo signals and will almost always fail if more than two echo signals exist; additional echo signals could originate from fold in the tissues or even just from noise. Therefore, we are currently developing signal processing methods which can handle more than two signals and still provide reliable estimates. In another investigation, we are studying the use of m in (2) and (4), as outlined in Section III-D. Currently m is not used; however, based on first principles, m can be used to characterize nonlinear attenuation. For example, instead of assuming a linear frequency dependence, we can use m to estimate the exponent of the frequency-dependent attenuation, thereby providing a new quantitative tissue parameter.
Although the SAM system met all the design requirements of Table I , several improvements are currently under investigation. For example, the next iteration of the system will use fast linear actuator motors with step sizes of 100 nm. We will quickly acquire oversampled data and average ten adjacent signals to increase SNR. Such improvements will reduce the scan time by a factor of approximately 5 and increase the SNR by approximately 20 dB (under white noise assumption). Another feature we are adding to our SAM system is coded "chirp" signals. In the past, we have been successful in using chirp approaches to increase SNR, penetration depth, and contrast-to-noise ratio for 20-and 40-MHz ultrasound imaging [34] - [37] . For SAM, we propose to use a slightly different approach using customized chirps to enhance the bandwidth of the echo signals in addition to their SNR. This approach was previously used successfully at low frequencies [38] - [40] . The increased bandwidth will provide more robust estimation by permitting easier separation of s 1 and s 2 .
The transducer was fabricated on silicon wafer using photolithography technology. Silicon acoustic lenses have been reported by Hashimoto et al. [41] , but our innovative approach permits the repeatable realization of lenses with radii between 75 and 135 μm and with an aperture angle of 60°. The method also allows shorter working distances with decreased rim echoes and better SNR. The aperture angle can be adapted in a separate dry-etching step to any required value. So, the realized aperture angle of 60°can be changed easily to other values to reach either better lateral resolution or longer DOF as required. Higher frequency transducers can be realized with the same technology by using thinner ZnO layers. The dry etching of the rim allows shorter working distances with decreased rim echoes and with a better SNR. Compared to the grinding technology, the etching eliminates the need for precision grinding tools. Also, the waferbased processing allows high reproducibility and the option of low-cost batch processing.
These initial results obtained on ocular tissue samples demonstrate that the SAM system can provide quantitative properties of ocular tissues believed to be associated with a wide range of diseases. However, focus of this paper was the 500-MHz system design, development, and testing. The actual property values obtained in this study must be viewed with caution because only three samples were investigated simply to demonstrate the feasibility of measuring properties of ocular tissues at a microscopic scale. A comprehensive study involving more samples is underway to establish a database of tissue mechanical properties. Furthermore, the samples were obtained from fixed and paraffin-embedded, eye-bank eyes, and those treatments are likely to have altered the mechanical properties of the examined tissues. For example, in the cornea, fixation leads to cross linking of the collagen fibers [17] . In fact, the speed of sound values found in this study of the cornea (i.e., 1651 ± 37 m/s) matches well the values for cross-linked corneas measured at 761 MHz (i.e., 1672.5 m/s) by Beshtawi et al. [17] . The same study also found a speed of sound of 1584 m/s for untreated corneas.
Following successful demonstration of the 500-MHz SAM system on paraffin-embedded samples, we have initiated studies using snap-frozen cryo-sectioned samples to derive more-realistic estimates of tissue properties at microscopic resolutions. Nevertheless, this initial study demonstrates that ocular tissues show a significant variation of material properties for different tissue types. This is expected because the eye is, in its simplest form, a sphere with positive internal pressure, and the biomechanical properties of structural elements of the ocular wall play a role in several ocular diseases. In keratoconus, the cornea undergoes progressive bulging and assumes a conical shape. In axial myopia, the sclera stretches, resulting in an elongated eyeball and altered scleral properties were reported in high myopia and straphyloma [42] , [43] . In glaucoma, the optic nerve undergoes excavation and damage as the LC undergoes elastic deformation, with intraocular pressure being a major risk factor. The biomechanical properties of the sclera and LC may play a role in glaucoma development [44] , [45] . Alterations in the elastic properties of BM may be associated with AMD [46] . This study demonstrates that SAM has the potential to provide unique data to understand these disease processes better. Current methods for biomechanical assessment, such as strip extensiometry, only measure bulk properties of relatively large tissue samples, which is not a suitable means for assessing elastic properties at the microscopic scale, e.g., assessment of the LC in the optic nerve or BL in the cornea. In this paper, we demonstrated resolution and contrast that are sufficient to characterize the cornea, retina, optic nerve, and their respective components. In addition, our results demonstrated that the 500-MHz SAM system provides far better images of these structures than the 250-MHz SAM system. Therefore, the 500-MHz SAM system offers a unique means to investigate biomechanical changes as-sociated with eye diseases such as keratoconus, myopia, and glaucoma.
V. CONCLUSION
This study presents a novel SAM capable of measuring mechanical properties of soft biological tissues at microscopic resolution. To the best of our knowledge, no system exists that allows simultaneously measuring attenuation, bulk modulus, and mass density, in large lateral scales (>9 mm 2 ) and at fine resolutions (∼4 μm) as presented in this paper. In addition, our methods also provide a novel signal processing framework for better parameter estimation in highly attenuating conditions. Finally, although this study utilized ocular tissues, the 500-MHz SAM clearly can be used to assess the properties of other types of tissues when requirements such as those outlined in Table I exist.
